by all isolates ranged from 87 to 99% at 15ЊC and declined to 29 Ð 63% as temperature increased to 30ЊC. A similar pattern was seen when a higher dose was used, except that the reduction in mortality at warmer temperatures was not as great as was seen with the moderate doses. Insecticidal activity of each isolate against Þrst-instar larvae was reduced by only 5Ð15% after 5 d in the medium. Mortality of second-and third-instar larvae ranged from 2 to 21%, suggesting the isolates were less effective against larger larvae.
Stable ßies, Stomoxys calcitrans (L.) are serious pests of cattle in feedlots and dairies in North America (Lysyk 1993a ) and also have emerged as pests in pasture systems (Broce et al. 2005) . Stable ßy feeding reduces weight gains and feed efÞciency in feeder cattle (Campbell et al. 1987 ) and milk ßow in dairy cattle (Bruce and Decker 1958) . Adult stable ßies are active in the spring and populations peak during the summer (Lysyk 1993a , Taylor et al. 2007 ). Immature stable ßies develop in manure and organic material in feedlots (Lysyk 1993b) , and feed on bacteria and other micro-organisms (Lysyk et al. 1999) . Adults rest on vertical surfaces and visit cattle intermittently to take a bloodmeal. Control methods primarily are limited to insecticide applications against the adults.
Recently, we identiÞed several isolates of Bacillus thuringiensis that have activity against larval stable ßies (Lysyk et al. 2010 ). These isolates included B. t. tolworthi 4L3, B. t. darmastedensis 4M1, B. t. thompsoni 401, B. t. thuringiensis HD2, and B. t. kurstaki HD945. All were considerably more toxic to stable ßy than the standard dipteran-speciÞc strain B. t. israelensis. Use of these microbial control agents has tremendous potential as there are relatively few larvicides registered for use in Canada and elsewhere. Developing these agents for use against stable ßies may provide an opportunity to attain increased levels of control through the application of multiple approaches. An integrated pest management (IPM) system employing a biological control agent also may permit the reduction in chemical usage thereby reducing environmental damage, human and animal exposure, and the rate of development of insect resistance. However, efÞcacy of B. thuringiensis can be hampered by a variety of factors, particularly low temperature (Glare and OÕCallaghan 2000) . This may be a particular problem in using B. thuringiensis for control of stable ßies during spring or in cooler climates such as southern Alberta where 23Ð75% of the daylight hours in a month may have temperatures Յ16ЊC (Lysyk 1995) . This study therefore was conducted to determine if stable ßy larval mortality caused by these isolates of Bacillus thuringiensis was affected by temperature, and also to determine if the effect could be mediated by dose. Secondary experiments also were conducted to determine if the activity persisted for up to 5 d, and whether or not the isolates affected larger larvae as well as Þrst-instar larvae.
Materials and Methods
Insects. Stable ßy larvae were obtained from a laboratory colony that was maintained at Lethbridge Research Centre (Lethbridge, AB, Canada) for Ϸ10 yr. Rearing methods were described by Lysyk (1998) .
Bacteria. Five isolates of B. thuringiensis were used that had previously shown activity against stable ßy (Lysyk et al. 2010 
Ϫ6
-M FeSO 4 . Cultures were grown at 28ЊC in duplicate ßasks of 100 ml and were shaken at 200 rpm for a minimum of 4 d (usually 7) to ensure sporulation was complete (Dulmage 1971) . Spores and ␦ Ð endotoxin crystals were separated by centrifugation at 6,000 rpm for 2 min, washed in sterile distilled water, and stored in 20-ml sterile distilled water at 4ЊC. Cultures were prepared weekly for 5 wk then each isolate pooled and mixed thoroughly, and a 1-ml aliquot removed for enumeration. The remainder was frozen in 20-ml aliquots for future use. Cultures were quantiÞed by enumerating spores on triplicate plates after heat shock at 80ЊC for 10 min (Sarrafzadeh et al. 2005) . The mean and standard deviation of the spore counts were used in calculating doses.
Bioassay Method. Stable ßy larval rearing medium (30% wheat bran, 24% sawdust, 9% dried brewerÕs grains, 7% alfalfa meal, 30% water, and 1% brewerÕs yeast) was prepared and allowed to age for up to 3 d before use. This time was sufÞcient to complete initial fermentation that raised temperatures of the medium to levels that may be lethal to stable ßies and inhibit activity of the B. thuringiensis. isolates. Once cooled, bacterial inoculum was added to the medium, and 25 g of medium placed into plastic containers, and 25 stable ßy larvae added. Untreated controls were prepared at the same time by adding an equal amount of sterile distilled water and 25 larvae to cups containing medium. for a 2X dose that was expected to cause a greater level of mortality. Each dose of each isolate was diluted to a total volume of 15 ml with sterile distilled water and an equal amount was applied to four cups of medium. An additional four cups of medium were prepared and treated with the same amount of distilled water as controls. Cups were infested with 25 newly hatched (Ͻ24-h-old) stable ßy larvae, and one cup of each dose and a control were placed at each of the four temperatures until pupation was complete. Pupae were extracted and counted after Ϸ55-, 14-, 10-, and 8-d incubation at 15, 20, 25, and 30ЊC, respectively. The entire experiment was replicated six times. The percentage larval mortality was calculated for each cup. Analysis of variance (ANOVA) was applied separately for each isolate to determine if mortality varied among doses, temperature, and if the response to temperature was consistent among doses (temperature*dose interaction).
Experiment 2. Persistence Against Newly Hatched Larvae. This experiment was conducted to determine if the B. thuringiensis isolates lost efÞcacy against newly hatched larvae for up to 5 d after application. Stable ßy medium was prepared and allowed to age for 3 d. The aged medium was placed into 30 plastic dishes (25 g media per dish) for each isolate, and 15 dishes inoculated with 1 ml of each isolate. Doses of each isolate averaged 3.14 (Ϯ 0.34), 0.37 (Ϯ 0.07), 1.58 (Ϯ 0.62), 1.09 (Ϯ 0.37), and 0.50 (Ϯ 0.10) ϫ 10 7 spores/g medium for isolates B. t. tolworthi 4L3, B. t. darmstadiensis 4M1, B. t. thompsoni 4O1, B. t. thuringiensis HD2, and B. t. kurstaki HD945. The remaining 15 dishes served as untreated controls. On day 1, 25 newly hatched stable ßy larvae were placed in Þve treated and Þve untreated dishes per isolate. This pattern was repeated on days 3 and 5, so that Þve treated and Þve untreated cups were prepared for each isolate on each of days 1, 3, and 5. Larvae were held at 25ЊC until pupation was completed, then pupae were removed and held at 25ЊC for eclosion. The entire experiment was replicated ten times. Larval mortality was calculated for each cup and ANOVA conducted by isolate to determine if mortality varied among media treated at the different times.
Experiment 3. Persistence Against Aged Larvae. This experiment was conducted as a compliment to experiment 2 to determine if similar results would have been obtained if medium was inoculated with larger larvae that were the same age as the medium. The design was similar to the one listed above, except that newly hatched larvae were inoculated on day 1, 3-d-old larvae (second instar) were inoculated on day 3, and 5-d-old larvae (third instar) were inoculated on day 5. The 3-and 5-d-old larvae were obtained from the same group of eggs as the 1-d-old larvae, and were reared in untreated media. Doses of each isolate averaged 2.04 (Ϯ 0.10), 0.21 (Ϯ 0.01), 0.22 (Ϯ 0.01), 0.30 (Ϯ 0.04), and 0.23 (Ϯ 0.01) ϫ 10 7 spores/g medium for isolates B. t. tolworthi 4L3, B. t. darmstadiensis 4M1, B. t. thompsoni 4O1, B. t. thuringiensis HD2, and B. t. kurstaki HD945. This experiment was replicated Þve times in total. Larval mortality was calculated for each cup and separate ANOVAs conducted for each isolate to determine if mortality varied among media treated with different aged larvae.
Results

Experiment 1. Effects of Temperature on Efficacy of B. thuringiensis Isolates.
Results were analyzed separately for each isolate. Larval mortality varied significantly among dose and temperature for all isolates; however, a signiÞcant dose*temperature interaction was detected for four of the Þve isolates (Table 1 ). This interaction indicated that changes in larval mortality across temperatures were not consistent among doses for most isolates.
Changes in larval mortality across temperature were reasonably consistent among isolates for the 0X April 2012 LYSYK AND SELINGER: MORTALITY OF LARVAL STABLE FLYgroup. Larval mortality in all 0X groups was signiÞ-cantly greater at 15ЊC than at the other temperatures and ranged from 35 Ϯ 8 to 43 Ϯ 14% across isolates (Table 2 ). Larval mortality in the 0X dose ranged from 5 Ϯ 1 to 23 Ϯ 5% at temperatures ranging from 20 to 30ЊC with no signiÞcant differences among these temperatures for any isolate. Mortality in the 0X dose at each temperature were within Ϯ9% of values predicted from Lysyk (1998) , and were consistent with a general pattern of greater mortality at low temperatures and reduced mortality at moderate temperatures. Larval mortality at the 1X dose declined as temperature increased for all isolates. Larval mortality was reduced by 37Ð70% as temperature increased from 15 to 30ЊC (Table 2) . Larval mortality the 1X dose at any given temperature typically was greater than mortality at the same temperature in the 0X dose. The only exception was isolate B. t. thompsoni 4O1 for which larval mortality at 30ЊC was not signiÞcantly greater in the 1X dose compared with the 0X dose. This was also the isolate with the greatest reduction in efÞcacy at 30ЊC. Differences between larval mortality in the 1X dose compared with the 0X dose ranged from 49 to 64% across isolates at 15ЊC, and from 58 to 77, 37Ð59, and 13Ð 47% at 20, 25, and 30ЊC, respectively.
Larval mortality at the 2X dose declined as temperature increased, but to a lesser extent compared with the 1X dose ( Table 2) . Larval mortality was reduced by 7Ð23% as temperatures increased from 15 to 30ЊC. For most isolates, the reduction in larval mortality across temperatures at the 2X dose was not statistically signiÞcant except for B. t. thompsoni 4O1 that showed the greatest change. Larval mortality in the 2X dose was always greater than at the same temperature in the 0X dose. Differences between larval mortality at the 2X dose and the 0X dose ranged from 57 to 65, 81Ð91, 77Ð 88, and 60 Ð77% at 15, 20, 25, and 30ЊC, respectively. Differences between larval mortality at the 2X dose and 1X dose depended on temperature. At 15ЊC, larval mortality across isolates ranged from 1 to 13% greater at the 2X dose compared with the 1X doses and none of these differences were statistically signiÞcant. At 20ЊC, larval mortality was 25 and 15% greater at the 2X dose compared with the 1X dose for isolates B. t. darmstadiensis 4M1 and B. t. thompsoni 4O1, respectively, and these were signiÞcant differences. Mortality caused by the 2X dose of B. t. tolworthi 4L3, B. t. thuringiensis HD2, and B. t. kurstaki HD945 was not signiÞcantly different from the 1X dose at 20ЊC. When temperatures were Ն25ЊC, larval mortality at the 2X dose ranged from 27 to 49% greater than at the 1X dose, and these differences were statistically signiÞcant.
Experiment 2. Effects of Media Age on Mortality of Newly Hatched Larvae.
Larval mortality varied significantly between untreated and treated medium for all isolates, and was inßuenced by medium age for three of the Þve isolates (Table 1 ). All isolates had a significant medium age*dose interaction (Table 1) indicating that the effects of medium age on larval mortality were not consistent among the two treatments.
Mortality of larvae introduced on day 1 to untreated medium ranged from 12 Ϯ 2 to 13 Ϯ 2% across isolates, and was Ϸ7Ð 8% less than predicted for 25ЊC (Lysyk 1998) . Larval mortality in untreated medium increased with age of medium at the time of inoculation (Table 3) and was signiÞcantly greater when larvae were introduced on day 5 compared with days 1 and three for all isolates. This increase in mortality between days 1 and 5 ranged from 14 to 22% across isolates, and suggests that medium becomes less suitable for stable ßy development as it ages.
Larval mortality was always greater in the treated medium compared with the untreated regardless of medium age at time of larval inoculation (Table 3) . Larval mortality in medium inoculated on day 1 ranged from 92 Ϯ 3% to 99 Ϯ 1% across isolates, and was from 80 to 87% greater than in the untreated medium of the same age. Larval mortality in treated medium inoculated on day 3 and day 5 ranged from 58 to 83 and 44 Ð 65% greater than morality in the untreated medium inoculated with larvae on the same respective days. Larval mortality caused by isolates B. t. tolworthi 4L3, B. t. thompsoni 4O1, B. t. thuringiensis HD2, and B. t . kurstaki HD945 showed insigniÞcant declines (Յ4%) between days 1 and 3, and an overall decline by 5Ð7% when medium was inoculated with larvae on day 5. Larval mortality caused by B. t. darmstadiensis 4M1 was 14% lower in medium inoculated with larvae on day 3 compared with day 1 but was similar between medium inoculated on days 3 and 5 .
Experiment 3. Effects of Larval Age on Efficacy. Larval mortality for all isolates varied among doses, larval age at the time of inoculation, with signiÞcant larval age* dose interactions ( Table 3 ), indicating that changes in larval morality across doses were not consistent among the different aged larvae. Larval mortality in the untreated medium inoculated with 1-d-old larvae ranged from 11 Ϯ 1 to 15 Ϯ 2% across the isolates (Table 3) , similar to experiment 2, and from 5 to 8% less than expected (Lysyk 1998 ). Larval mortality declined signiÞcantly to 1 Ϯ 1Ð 4 Ϯ 1% across isolates for 3-d-old larvae. Larval mortality in untreated medium inoculated with 5-d-old larvae was similar to that in medium inoculated with 3-d-old larvae, and ranged from 3 Ϯ 1 to 5 Ϯ 1%. The decrease in survival with Means within isolate and experiment followed by the same letter are not signiÞcantly different at P ϭ 0.05. CM is corrected mortality (Abbott 1925) .
time was opposite of what was observed in experiment 2 and was likely because of the introduction of progressively larger, more robust larvae that were closer to pupation. Larval mortality was greatest in treated medium inoculated with 1-d old larvae, ranging from 94 Ϯ 3 to 99 Ϯ 1% across isolates (Table 3 ). This ranged from 81 to 85% greater than mortality in the untreated media inoculated with 1-d-old larvae. Larval mortality was signiÞcantly reduced in the treated medium inoculated with 3-d-old larvae compared with the medium inoculated with 1-d-old larvae for all isolates. However, mortality of 3-d-old larvae in medium treated with B. t. darmstadiensis 4M1 and B. t. thuringiensis HD2 was 21 Ϯ 6 and 26 Ϯ 6%, respectively, whereas mortality of 3-d-old larvae was Ϸ8 Ϯ 3% when treated either B. t. tolworthi 4L3 or B. t. kurstaki HD945. Mortality of 3-d-old larvae in medium treated with the preceding four isolates was greater than mortality in the respective untreated medium. Mortality of 3-d-old larvae in medium treated with B. t. thompsoni 4O1 was 4 Ϯ 1% and was similar to the untreated medium. Larval mortality in treated medium inoculated with 5-d-old larvae ranged from 3 Ϯ 1 to 6 Ϯ 1% and was similar to mortality in the untreated controls for all isolates.
Discussion
In experiment 1, mortality was elevated at the 1X and 2X doses for any given temperature, but declined at a greater rate as temperature increased at the 1X dose compared with the 2X dose. This, and the slightly different response of mortality to temperature at the 0X dose were responsible for the signiÞcant temperature*dose interaction observed for most isolates. The inverse relationship between temperature and mortality caused by the various isolates was consistent across all isolates, and remained evident even after adjusting for control mortality (Table 2) . This relationship opposes the positive relationships observed for various species of defoliators (Ferro and Lyon 1991, Li et al. 1995) and aquatic Diptera (Lacey et al. 1978; Wraight et al. 1981 Wraight et al. , 1987 Lacey and Oldacre 1983; Becker et al. 1992; Stevens et al. 2004) . Previous studies attributed increased mortality at higher temperatures to increased rates of metabolism and food consumption by the insect coupled with increased bacterial growth in the insect (van Frankenhuyzen 1994, Glare and OÕCallaghan 2000) . However, this does not explain the trends we observed. It is unlikely that temperatures themselves were great enough to directly inhibit activity of the isolates used, because most are cultured at 25ЊC. Other factors must have come into play to cause the progressive loss of activity at warmer temperatures observed in our study. These might include the effects of temperature on the bacterial toxin in the medium, or the effects of temperature on the insect itself.
The larval rearing medium used in this study is a very microbe-rich substrate, particularly in comparison to leaf surfaces and water used in studies examining the effects of temperature on toxicity to defoliators and aquatic Diptera. The microbes in the medium may have been antagonistic to the isolates (West and Burges 1985) or metabolized the toxins (West 1984) , and increasing temperatures may have resulted in increased antagonism. However, results of experiment 2 indicated that mortality at day 5 ranged from 85 to 95% of the mortality on day 1, suggesting relatively little loss of insecticidal activity against Þrst instars over the experiment. In clay soils, insecticidal activity declined more rapidly to Ϸ60% of the initial values after 3 d (Pruett et al. 1980) . Activity may have persisted in experiment 2 because the toxins bind to organic components of the medium and retain their insecticidal activity (Crecchio and Stotzky 1998) . The small declines in activity over time in experiment 2 may have been because of metabolism of free toxins. Considering these results, it is unlikely that microbial degradation and toxin metabolism completely account for the decreased insecticidal activity seen with increasing temperatures.
Results from experiment 3 suggest that larger larvae are less susceptible to B. thuringiensis than Þrst instars. Mortality of 1-d-old larvae was Ͼ93%, but mortality of the 3-d-old larvae never exceeded 26%, and was much lower in three of the isolates. A portion of this reduction could be explained by toxin degradation in the medium, however, results from experiment 2 suggest this effect was relatively small. Reduced susceptibility with increasing larval age agrees with a variety of other studies and is typical for aquatic Diptera (Wraight et al. 1981 (Wraight et al. , 1987 Lacey and Oldacre 1983; Mulla et al. 1990; Stevens et al. 2004 ). This may also help explain the results of experiment 1. Development of stable ßy from egg to adult is strongly temperature-dependant (Kunz et al. 1977 , Lysyk 1998 ) and requires Ϸ62, 29, 16, and 12 d at 15, 20, 25, and 30ЊC. The proportion of immature developmental time spent as Þrst-, second-, and third-instars is Ϸ0.08, 0.11, and 0.28 (Kunz et al. 1977) . Based on this, stable ßy larvae would spend 5 d as Þrst instars at 15ЊC, and Ϸ1 d as Þrst instars at 25Ð30ЊC. It may be that the greater duration of the Þrst-instar larval stage at 15ЊC may allow for increased time for the toxins to affect the Þrst instars. Increased feeding time on toxin-treated leaves increased mortality of larval Leptinotarsa decimlineata (Say) (Ferro et al. 1991) . The more rapid molt to the less susceptible second or third instars at warmer temperatures may decrease mortality at moderate doses. This effect could be overcome at higher doses because there is increasing probability that Þrst instars would ingest a lethal dose during the shorter time they spend as Þrst instars at warmer temperatures. It is also possible that larval immunity may be activated or enhanced at warmer temperatures.
In terms of Þeld application, results of these studies suggest that lower doses of the B. thuringiensis isolates could be used in cooler climates, but that greater doses would be required in warmer areas to overcome the rapid development of the Þrst-instar larvae. Applications made against stable ßy would be more effective against Þrst-instar larvae; therefore, areas would have to be treated repeatedly because it is likely that older larvae, and certainly the nonfeeding pupal stage, would not be affected. Because the larger larvae and pupae are not susceptible, these could still produce adults after an initial application, and the effects on adult populations would become apparent only after a generation had elapsed.
